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Abstract An optical system is described for measuring the response of 
suspended particles to imposed non-uniform electric fields in the frequency range 
1 Hz to 4 MHz. Such dielectrophoretic measurements can provide details of the 
dielectric and surface charge properties of animate and inanimate particles. This 
simple, low-cost and rapid technique extends these measurements down to lower 
frequencies than previously reported, and has revealed new effects associated 
with particle surface charge and surface conductivity. At the lower frequencies 
corrections are required to take account of the electrode polarisation effects, 
which modify the electric field distribution in the colloidal suspension between 
the electrodes. Measurements are reported for silicon powder, yeast and the 
bacteria Micrococcus iysodeikticus and are compared with theoretical 
expectations. Biotechnological applications include cell separation, cell 
characterisation, cell-culture quality control and biomass determination. 
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Dielectrophoretic characterisation of Friend murine 
erythroleukaemic cells as a measure of induced differentiation 

Julian P.H. Burt 1 , Ronald Pethig 1 , Peter R.C. Gascoyne 2 and Frederick F. Becker 2 
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Dielectrophoresis measurements, the study of the motion of particles in non-uniform ax. electrical fields, have been 
made on three ceil lines (DS19, Rl and DR1) of Friend murine erythrokmkaemia cells as a function of hexamethylene 
bisacetamide (HMBA) treatment The effects of saponin treatment on Rl ceils and neuraminidase on human red Mood 
ceils were also studied. It is shown that the didectropboretJc behaviour can be interpreted in terms of cell surface charge 
and ceil membrane conductivity effects. HMBA reduces the cell surface charge on all three cefl lines, and in lines DS19 
and DR10, where the cells are Induced to differentiate, there is an increase in effective cefl conductivity. This gain in 
conductivity is concluded to be asso ci ate d with either an enhanced lateral electrophoretJc motion of deiocalised ions or 
of the polarisability of mpoles at the membrane surface. 



Introduction 

Dielectrophoresis is defined as the motion of electri- 
cally charged or neutral particles induced by non-uni- 
form ax. or dc. electric fields [1]. This phenomenon has 
been applied to a variety of practical applications such 
as the separation and kvitation of cells and particles 
[1-5] as well as for the investigation of the dielectric 
properties of biological and non-biological materials 
16-9]. 

The general phenomenological equation describing 
the dielectrophoretic force, F, acting on a particle of 
volume, v, in a non-uniform electric field is given by 

F=po{E-V)E (1) 

where p is the effective polarisability of the suspended 
particle, £ is the local root-mean-square electric field 
and v is the del vector operator. Since the polarisability 
parameter p is frequency dependent, then the force F 
will also vary with frequency. This study is primarily 



Abbreviations: HMBA, hexamethylene bisacetamide; DMSO, di- 
roethylsulphoxide. 
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concerned with the characterisation of this frequency 
dependence. 

An optical measurement system has been described 
[10] for obtaining dielectrophoretic spectra in the 
frequency range 1 Hz to 4 MHz for particles of diame- 
ter from 1-40 /xm. This provides more rapid data 
collection than the microscopy-based technique devel- 
oped by Pohl [1], which uses time-lapse photography to 
determine the rate of collection of the test particles at 
the electrodes used to generate the non-uniform electric 
field. Using the new technique the dielectrophoretic 
properties of cells have been investigated for frequen- 
cies down to 1 Hz where membrane surface charge 
effects dominate the overall dielectrophoretic response 
[10,11]. In the mid-range of frequencies extending from 
around 200 Hz to 2 kHz the response appears to be 
controlled by the effective conductivity of the cells, 
whereas for frequencies higher than this, the effective 
dielectric permittivity of the cell becomes the dominant 
influencing factor. Using this method, therefore, the 
dielectrophoretic characteristics of cells can be used to 
investigate cell surface and cell membrane properties. 

The biodectrical properties of the membranes of 
neoplastic mammalian cells have frequently been ob- 
served to differ from those of comparable cells of nor- 
mal phenotype, and it has been suggested that such 
altered properties may be related to the genesis and 
maintenance of the malignant state [12-16], Here we 
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have applied the technique of ^electrophoresis to the 
study of three Friend murine erythroleukaemia (MEL) 
cell lines as a function of treatment with agents that 
induce these cells to differentiate. These well charac- 
terised ceO lines have been widely investigated as mod- 
els of the sequences that lead to terminal cell differenti- 
ation [17]. 

The results demonstrate that ^electrophoresis can 
reveal significant alterations in the bioelectrical proper- 
ties of these cell models during treatment with differen- 
tiating agents. Furthermore, these studies provide con- 
firmation that dielectrophoretic measurements can dis- 
tinguish between cell surface charge and cell membrane 
conductivity characteristics. 

Materials and Methods 

Friend murine erythroleukaemia (MEL) clones Rl, 
DS19 and DR10 were seeded in suspension cultures in 
300 ml of medium, supplemented with 10% foetal calf 
serum and 1 mM glutamine, and gassed with 5% 
COj/air mixture. The cultures were seeded at a density 
of 10 5 cells/ml in Gibco minimum essential medium 
containing 1 jig/ml gentamycin. Cells were passaged 
every 2 or 3 days so that cell density was always kept 
below 10 6 /mL Cells were harvested by centrifugation 
(600 x g for 7 min) and were counted using a haemo- 
cytometer. Cell viabilities were determined by Trypan 
blue dye exclusion. 

To examine the effects of agents that induce differ- 
entiation, cells were seeded in culture media supple- 
mented with 4 mM hexamethylene bisacetamide 
(HMBA) (Sigma) or 1% dimethylsulphoxide (DMSO) 
(Sigma) and grown for up to 4 days without refeeding. 
Parallel cultures grown under identical conditions, ex- 
cept for the absence of inducing agents, served as con- 
trols in all experiments. 

In preliminary experiments on a variety of different 
mammalian cell types, problems were occasionally en- 
countered with the maintenance of cell integrity in the 
low ionic strength dielectrophoresis media. Three major 
factors were identified which allowed this problem to be 
overcome in all of the cell lines that we have so far 
examined The first factor was the choice of 320 mM 
sucrose solution as the cell suspending medium. This 
medium, which was determined to be 28% more hyper- 
tonic than ISO mM Nad, prevented cell swelling and 
was far more satisfactory than a comparable mannitoi 
solution which was often found to damage the cells. The 
use of a 320 mM sucrose solution also has a precedent 
as this medium is an accepted perfusion fluid that 
maintains adequate cell viability both in vitro and in 
vivo. Secondly, it was found that oeUs were very sensi- 
tive to glucose deprivation when suspended in low ionic 
strength solutions. This problem was circumvented by 
ensuring that all solutions contained 3 mg/ml glucose. 




Fig. 1. Design of optical sample chamber and micro-electrode*. 



Thirdly, the role of divalent cations in maintaining cell 
membrane integrity is well known and their presence 
has been proposed as essential for cells to overcome 
membrane stresses [18,1 9 J. For erythrocytes that had 
been harvested in the presence of EDTA to prevent 
clotting, the addition of 1 pM CaQ 2 to the sucrose 
solutions greatly aided the maintenance of cefl integrity 
without significantly increasing the electrical conductiv- 
ity of the final cell suspensions. 

Harvested cells were washed three times in the 320 
mM sucrose plus 3 mg/ml glucose solution made with 
double-distilled, triple-deionised, water and the subse- 
quent cell survival rates were determined to lie in the 
range 89-94%. After the final wash, cells were rcsus- 
pended in this same solution, which served as the sus- 
pending medium for the dielec tr o ph ore ti c measure- 
ments, to a cell concentration that gave an optical 
absorbance of 0.26 at 635 nm for a 1 cm pathlength. 
The conductivity of the ceQ suspensions, determined 
using a conductivity bridge (Radiometer type CDM2f, 
Copenhagen), was less than 650 pS/m in all experi- 
ments, and this enabled the dielectrophoretic measure- 
ments to be performed down to 1 Hz [10,11]. 

To measure the dielectrophoretic properties of the 
cells, 0 2 ml of cell suspension was pipetted into the 
optical chamber shown in Fig. 1 and subjected to the 
non-uniform electric field generated by two castellated 
electrode arrays placed 1 mm apart On applying a 16 
Volt peak-to-peak sinusoidal voltage to the electrodes, 
the suspended cells were pulled into the plane of the 
electrode arrays by the dielectrophoretic feme and col- 
lected between the interdigitated electrodes. Such re- 
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moval of cells from the bulk solution was detected as a 
decrease in abiOfbance of a light beam passed between 
the electrode arrays, and the rate of this decrease over 
15 s from the time the ax. field was applied is a 
measure of the dieiectrophoretic force acting on the 
cells. Full details of the apparatus and experimental 
technique have been given elsewhere [10,11], The non- 
linear electric field generated by 40 pm geometry inter- 
digitated electrodes has also been described [8]. The 
electrodes employed for this work were of identical 
form but based on an 80 urn geometry, which was 
found to be optimal for work with cells of approx. 10 
lim diameter. Dieiectrophoretic responses were mea- 
sured for applied ax. fields over the frequency range 1 
Hz to 2 MHz, with five measurements being taken over 
each decade within this range. The measurement at each 
frequency was conducted on a fresh aliquot Of the cell 
suspension in order to ensure that the ceils remained 
viable. 

Results 

MEL cells are transformed precursors of red blood 
cells that have not differentiated beyond the stage of 
colony-forming cells [17], They are well established as a 
model for the study df cell differentiation because of 
their susceptibility to a variety of chemical agents that 
can, in some dotes, iaduce varying degrees of differ- 
entiation up to advanced Step of erythroid differenti- 



ation that has much in common with the late steps of 
the normal nuclear extrusion process [20]. Clone DS19 
progresses beyond the colony-forming stage to the stage 
of terminal differentiation in response to treatment with 
HMBA, evidenced by haemoglobin production and loss 
of the ability to grow in soft agar. It has been shown 
[30] for the various cell lines that the average cell 
diameter decreases by approx. 12% and the cell surface 
charge density decreases by 14% after treatment with 
the inducing agent HMBA. 

Earlier studies [10,11] have shown that the dieiectro- 
phoretic properties of cells can be characterised accord- 
ing to the responses observed in three frequency bands. 
For frequencies below 200 Hz, the dieiectrophoretic 
response appears to be primarily influenced by the cell 
surface charge, whilst between 200 Ha to around 1.5 
kHz the effective conductivity of the cell is the control- 
ling factor. For frequencies above 1JS kHz the dieiectro- 
phoretic response is determined by the dielectric permit- 
tivity of the cell. Eqn. 1 indicates that a change in cdl 
volume alone alters the magnitude of the dieiectro- 
phoretic spectrum, but leaves unaltered the relative con- 
tributions from surface charge, cell conductivity and 
permitdvity. The results obtained for the various cell 
lines studied will be described in terms of these three 
characteristic properties. 

The dieiectrophoretic response (collection rate) for 
clone DS19 before, and after, induction by HMBA is 
shown in Fig. 2. For frequencies below 30 Hz the 
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of done Rl before (•) and after (o) treatment with HMBA. The treated cells have a slightly 
but unchanged conductivity and permittivity. 



treated cells have a lower diefecttopharetk response 
than the untreated ceQs, which, from earlier studies (111 
indicates that the treated cells have a reduced surface 



charge. This result is in agreement with cell micro-dec- 
trophoresis data for DS19 [30]. The dielectrophoresis 
spectrum shows a larger response for the treated cells 
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Fig, 4. KMefectrophorctk response of done DR10 before (•) and after (O) treatment with HMBA. The treated cells have reduced surface charge and 

increased conductivity and permittivity. 
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than for untreated cells in the frequency range 30 Hz to 
70 kHz, which indicates that as a result of HMBA 
treatment the effective conductivity of the cells is in- 
creased For frequencies above 70 kHz the collection is 
independent of treatment indicating that the cell per- 
mittivity is unchanged by the HMBA. 

The dielectrophoretic responses for clone Rl with 
and without HMBA treatment are shown in Fig. 3, 
Unlike DS19, clone Rl does not produce haemoglobin 
or lose its ability to grow in soft agar after 
with inducing agents and is therefore classified as 1 
non-inducible [30]. Fig. 3 shows the dielcctanphoretk 
response below 200 Hz to be reduced on HMBA treat- 
ment, indicating as in the case of DS19 a reduction in 
cell surface charge. This result is also QOftsisteni with 
microelectrophoresis measurements, where done Rl 
was found to lose net surface charge in the same way as 
clone DS19 after exposure to HMfcA [30). tot frequen- 
cies above 200 Hz the response fefeatat unchanged 
showing that HMBA treatment has no effect on either 
cell conductivity or p er mi ttivity. 

done DR10 is chefrrtrtael by a differential re- 
sponse to the iftdfafltig apmf HMBA and DMSO. 
Whereas tins ddM r*sp6»4l to HMBA treatment by 
producing h*eaao0iNi and featng its ability to grow in 
soft agar, it is r e sistant to DMSO, which is a strong 
inducing agaftt for DS19 (30). The dielectrophoretic 
responses shown in Fig* 4 show that after treatment 
with HMBA the DR10 cells lose surface charge, shown 



by a reduction in the response below 100 Hz, and gain 
in effective conductivity, shown by an increase in re- 
sponse between 100 Hz and 5 kHz. Above 5 kHz the 
dielectrophoretic response is also increased, which is 
consistent with a gain in the permittivity of the DR10 
ceQa with HMBA treatment. As shown in Fig. 5, how- 
ever, after treatment with DMSO the dielectrophoretic 
characteristics of the DR10 cells remains unchanged 
over the whole frequency range, implying that DMSO 
treatment has no effect on the surface charge, conduc- 
tivity or permittivity of DR10 ceils* 

These results indicate that for each case where the 
cells respond to the inducing agents, a definite change 
in dielectrophoretic response was observed. However, in 
the case of Rl treated with HMBA and DR10 treated 
with DMSO, where no differentiation was induced the 
dielectrophoretic responses remained unchanged. 

To test the contribution of cell surface charge to the 
dielectrophoretic response, fresh human blood, collected 
in EDTA, was washed three times in Hanks' buffered 
saline solution containing 3 mg/ml glucose. The red 
blood cells were resuspended in 10 nil of this same 
solution containing 0.25 units of neuraminidase (Sigma 
n-2133 Type X from Clostridium perfringens) and in- 
cubated for 40 min at 37°C with an occasional agita- 
tion to keep the cells suspended. A parallel sample 
prepared in the same manner, but without the addition 
of neuraminidase served as a control. The dielectro- 
phoretic responses of these cell samples were measured 
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surface charge. 

after they had been washed and resuspended in dietec- ' charge associated with sialic acid residues on the cell 
trophoresis medium in the usual way. Treatment with membrane surface. Following the treatment described 
neuraminidase is a well tested method for reducing here the micro-electrophoretic mobility of the blood 
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ftg. 7. Hie didectrophoretic response of done Rl ceOs before (•) and after (O) saponin treatment, indicating that saponin slightly increases the 

effective oeD conductivity. 
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cells was found to have decreased by 50%, showing that 
the net cell membrane surface charge had been halved. 
The spectra of Fig. 6 show that the neuraminidase- 
treated cells exhibited a clear decrease in dielectro- 
phoretic collection rate below 50 Hz. The unchanged 
response above 50 Hz demonstrates that the effective 
conductivity and permittivity of the cell membrane was 
not changed by this treatment. This result supports the 
conclusion that cell surface charge influences the dielec- 
tropboretic behaviour only in the low frequency range 
[10,11]. 

To verify our previous conclusion [10,11] that mem- 
brane conductivity influences the mid-range frequency 
response, freshly harvested Rl cells were treated with 
saponin (40 ug/ml) for 5 min. This is a treatment 
shown [21] to porate the cell membrane and to per- 
meabilise it without causing a major loss of cytoplasmic 
protein. The cells were then washed and resuspended in 
the dielectrophoresis medium, and investigated in the 
same manner as before. The effect of this treatment is 
shown in Fig. 7, where the effective membrane conduc- 
tivity appears to be increased as evidenced by the 
increased dielectrophoretic response in the frequency 
range 100 Hz to 1.5 kHz, and the cell surface charge 
and permittivity are left unaltered. 

Discussion 

The electrical properties of cells, and the physico- 
chemical origins of these properties have recently been 
reviewed [22]. If we consider, in simple form, a section 
of a cell membane of area, A t and thickness, d y then its 
passive electrical properties are completely charac- 
terised by the measured electrical capacitance, C, (units 
Farads) and conductance G (units Ohms" 1 or Siemens) 
as defined by 

G = Ao/d; C^At^/d 

The conductivity, a , is a measure of the ease with which 
free charge carriers can move in the membrane under 
the influence of an electric field. Depending on the 
orientation of the membrane segment with respect to 
the applied electric field the charge movements can be 
either predominantly perpendicular or parallel to the 
external membrane surface. The factor e 0 is the permit- 
tivity of free space whilst e is the relative permittivity of 
the membrane material and is a measure of the extent 
to which locally bound charge distributions can be 
distorted ot polarised under the influence of an imposed 
electric field. As discussed elsewhere [22], the effective 
capacitance of a typical cell membrane is of the order 1 
ttF/cm\ and the lateral electrophoresis of charged 
membrane proteins and lipids appear to be a contrib- 
uting factor. Electrical double layer effects, associated 
with hydrated ions that are attracted to the membrane 



surface by membrane bound charges such as those 
occurring on lipid head groups, can also give rise to 
polarisations that add to the effective capacitance. These 
effects can also contribute to dielectric loss processes, 
which appear as components of the membrane surface 
conductance K v 

Cell membranes, being composed largely of non-con- 
ducting lipids and protein material, are not good electri- 
cal conductors in the normal sense. At frequencies 
below appro*. 100 kHz, the low value of the bulk 
membrane conductivity c b prevents the applied electric 
field from penetrating into the cell interior. As the 
frequency is increased above 100 kHz, the membrane 
resistance begins to be electrically short-circuited by the 
membrane capacitance, and the electric field proceeds 
to penetrate the cell. For frequencies below 100 kHz the 
overall effective conductivity o p of the cell, can be 
written as [23] 



where r is the cell radius. In this formula, winch has 
been used with success in investigations of the surface 
conductance of latex particles [24] and in electrorota- 
tion studies of various types of cell [25], the parameter 
<7 b can be taken to represent the membrane bulk con- 
ductivity, since the cell membrane effectively shields the 
cell interior from the applied electric field [26]. In other 
words the cell is considered to be a poorly conducting 
particle of high relative permittivity [26], and o b repre- 
sents the effective conductivity of that region of the 
membrane penetrated by the applied electric field. As 
already mentioned, the passive membrane bulk conduc- 
tance is generally very small and a typical case is the 
low-frequency (10 Hz) anion conductance value of 
around 60 mS/m 2 for erythrocyte membranes [27]. For 
a membrane thickness near 8 nm this gives a membrane 
conductivity value (* b ) of about 0.5 nS/m. The largest 
membrane conductivity value reported appears to be 
that of 140 S/m 2 for oocytes [28], which for a typical 
membrane thickness gives a o b value of around 1 
/iS/m. To our knowledge no definitive values have been 
derived for the surface conductance K s of animal cells, 
but of possible relevance is the value of 1 nS obtained 
for carboxylate latex particles (24). For a cell radius of 5 
ptm and a similar K t value, then the corresponding 
value for the factor 2 KJr in Eqn. 2 is 400 iiS/ttk The 
conductivity of the cell suspending solution was of the 
order 340 uS/m, and for positive dielectfdphonesfo to 
be observed the effective conductivity dtp Of the cells 
must be greater than this. These consickrmtkxis lead to 
the conclusion that the most dominant factor influenc- 
ing the effective conductivity of the cells in our mea- 
surements are tangential membrane conduction 
processes rather than trans-membrane conduction. 



100 



The results given in Fig. 6, showing that neuramini- 
dase reduces the diclectrophoretic response of red blood 
cells between 1 Hz and 100 Hz, but has little effect 
outside this frequency range, provide support for the 
conclusion [10,11] that surface charge effects dominate 
the low frequency diclectrophoretic behaviour of cells. 
Another significant finding (Fig. 7) is the fact that 
saponin produces only a small effect on the diclectro- 
phoretic properties of Rl cells. This can be quantified 
by calculating the change of effective cell conductivity 
after saponin treatment. The theory for this is detailed 
elsewhere (8J, but basically it can be shown that at low 
frequencies the polarisability parameter, p, of Eqn. 1 
reduces to the expression 

where the subscripts p and m refer to the particle and 
suspending medium, respectively. Calculations based on 
1 kHz measurements show that treating DS19 and 
DR10 cells with HMBA increases their effective con- 
ductivity (compared to the increase induced in Rl cells 
with saponin) by a factor of 3 and 1.67, respectively. 
(The fact that HMBA reduces the effective cell diameter 
by just over 10% has not been taken into account using 
Eqn. i, but inspection of Eqn. 2 indicates that there is a 
real conductivity increase.) Since saponin treatment is 
known [20] to depolarise cells and even to produce holes 
in the membrane large enough for macromolecules to 
escape, it would be expected to increase the trans-mem- 
brane conductivity much more than HMBA treatment, 
which allows the trans-membrane potential to be main* 
tained. By comparing the results of Figs. 2 and 6 it is 
seen that saponin produced a smaller change in effec- 
tive membrane conductivity in Rl cells than that pro- 
duced by HMBA treatment in DS19 cells. This would 
imply, for Rl cells at least, that the effective conductiv- 
ity as measured by dieiectrophoresis is largely con- 
trolled by tangential surface conductivity processes, 
rather than by trans-membrane charge transport This 
confirms our conclusions above concerning the relative 
magnitudes of a b and K t in Eqn. 2. 

The results of Figs. 2 and 3, showing that HMBA 
decreases the low-frequency (1 Hz to 200 Hz) dielectro- 
phoretic response (and hence the surface charge) of the 
inducible DS19 cells as well as the non-inducible Rl 
cells, agrees with the earlier electrophoresis work [30]. 
The interesting and new finding is that from Fig. 2, 
HMBA increases the mid-frequency (200 Hz to 10 kHz) 
diclectrophoretic response (and hence the effective cell 
conductivity) of the inducible DS19 cells, but does not 
influence the effective conductivity of the non-inducible 
Rl cells (Fig. 3). This is mirrored in the results of Figs. 
4 and 5, which show that the effective conductivity of 
DR10 cells is increased by HMBA treatment, but is not 



altered by DMSO treatment Cell induction thus ap- 
pears to be accompanied by an increase of the effective 
cell conductivity, and since HMBA does not induce cell 
membrane dcpolarisation (unlike saponin which does) 
this effect cannot arise from an enhancement of the 
trans-membrane conductivity. Furthermore, HMBA de- 
creases the cell surface charge (Ref. 30 and Figs. 2-5), 
which might be expected to lead to a reduction of 
polarisations associated with the presence of hydrated 
counter-tons located near surface bound charges. These 
various factors again emphasise that the lateral, rather 
than the trans-membrane, conductivity component is 
the most dominant parameter influencing the effective 
cell conductivity. An obvious concept to invoke here is 
the possibility that the lateral dectrophoretic mobility 
of charged membrane proteins and lipids is enhanced 
through an increase of membrane fluidity. However, in 
MEL cells it is known [29] that HMBA treatment 
reduces membrane fluidity. This suggests that the domi- 
nant lateral conductivity component might be related to 
delocalised membrane-associated ions (or protons), or 
polarisable fixed dipole charge distributions, changes of 
which could be connected to the membrane lipid com- 
positional alterations that occur during MEL cell induc- 
tion. 

Conclusions 

Three lines (DS19, Rl and DR10) of Friend murine 
erythroleukaemic cells have been studied by diclectro- 
phoretic measurement as a function of treatment with 
HMBA. Human red blood cells have also been investi- 
gated as a function of neuraminidase treatment and the 
results obtained confirm that the low frequency diclec- 
trophoretic response is controlled by cell surface charge 
effects. On the basis of this, the diclectrophoretic re- 
sponses observed for DS19, Rl and DR10 cells can be 
interpreted to show that the surface charge of the cells 
becomes less negative on treatment with HMBA, which 
is a result in agreement with previous electrophoresis 
measurements [30]. Although HMBA reduces the surface 
charge of DS19, Rl and DR10, only DS19 and DR10 
are induced to differentiate. A new finding obtained 
from these dielectrophoresis measurements is that on 
induction with HMBA the effective conductivity of the 
DS19 and DR10 cells is increased. This increase in 
conductivity is considered to be related to an increase in 
either the lateral electrophoretic mobility of delocalised 
ions or the polarisability of dipoies at the surface of the 
cell membranes. The conclusion concerning the domi- 
nance of tangential membrane conductivity, over that of 
trans-membrane conductivity, is given support by the 
finding that saponin treatment has only a small in- 
fluence on the dielectrophoretic response in the mid- 
frequency region (100 Hz to li kHz) which is con- 
trolled by membrane conductivity effects. This result is 
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also consistent with the assessment of Eqn. 2 in terms of 
the present (albeit limited) knowledge of the character- 
istic membrane conductivity parameters for cells. 

^electrophoresis, the study of the motion of par- 
ticles in nonuniform a.c. electric fields, has not been 
widely employed in biological research. The develop- 
ment of a simple, low-cost, optical technique as used in 
these studies provides a new method for investigating 
and distinguishing between cell surface charge and cell 
membrane conductivity properties as a function of cell 
physiology. 
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